Abstract Endoplasmic reticulum (ER)p61, ERp72, and protein disulfide isomerase (PDI), which are members of the PDI family protein, are ubiquitously present in mammalian cells and are thought to participate in disulfide bond formation and isomerization. However, why the 3 different members need to be colocalized in the ER remains an enigma. We hypothesized that each PDI family protein might have different modes of enzymatic activity in disulfide bond formation and isomerization. We purified PDI, ERp61, and ERp72 proteins from rat liver microsomes and compared the effects of each protein on the folding of bovine pancreatic trypsin inhibitor (BPTI). ERp61 and ERp72 accelerated the initial steps more efficiently than did PDI. ERp61 and ERp72, however, accelerated the rate-limiting step less efficiently than did PDI. PDI or ERp72 did not impede the folding of BPTI by each other but rather catalyzed the folding reaction cooperatively with each other. These data suggest that differential enzymatic activities of ERp proteins and PDI represent a complementary contribution of these enzymes to protein folding in the ER.
INTRODUCTION
In the endoplasmic reticulum (ER), 2 classes of proteins assist polypeptide and protein folding (Gething and Sambrook 1992; Hammond and Helenius 1995; Trombetta and Parodi 2003) : (1) a group of folding enzymes, such as peptidyl prolyl cis-trans isomerase and protein disulfide isomerase (PDI), the latter containing 2 thioredoxin homology units, which catalyze rate-limiting isomerization steps in protein folding (Gilbert 1998; Frand et al 2000; Freedman et al 2002; Sevier and Kaiser 2002) and (2) a group of molecular chaperones that stabilize unfolded or partially folded intermediates and prevent the formation of inappropriate folding interactions (Pfeffer and Rothman 1987; Johnson and van Waes 1999; Rapoport et al 1999) . PDI and its related proteins, ERp61 and ERp72, comprise a PDI family (Lewis et al 1986; Mazzarella et al 1990; Martin et al 1991; Srivastava et al 1991 Srivastava et al , 1993 Urade et al 1992) . ERp61 and ERp72 have been identified as ER proteins containing 2 and 3 thioredoxin homology units, respectively. The homology unit contains a Trp-Cys-GlyHis-Cys-Lys (WCGHCK) motif identical to the active site consensus sequences of PDI (Lee 1981; Mazzarella et al 1990 Mazzarella et al , 1994 Gilbert 1998) .
PDI catalyzes the formation and reduction of disulfide bonds and their isomerization in a wide range of substrate proteins in vitro, such as insulin, ribonuclease, bovine pancreatic trypsin inhibitor (BPTI), and in immunoglobulin Fab fragments (for a review see Creighton 1997 and Ruddon and Bedows 1997) . PDI also catalyzes as a chaperone the renaturation of denatured, reduced insulin or of ribonuclease T1 or AIII (Freedman 1989) . The in vitro protein folding of BPTI is one of the best-characterized disulfide folding pathways. PDI increases by a factor of 3000-6000, the rates of kinetically trapped BPTI-folding intermediates (Weissman and Kim 1993) .
The distributions of PDI, ERp61, and ERp72 have been compared in various tissues (Kozaki et al 1994; Marcus et al 1996) . The tissue distributions of PDI and ERp72 messenger RNA (mRNAs) are similar, although ERp72 is not as abundant as is PDI in tissues, and the tissue distribution of ERp61 mRNA is markedly different from that of PDI and ERp72 mRNA (Marcus et al 1996) . We previously studied the distribution of PDI family proteins in rat tissues and compared their localization by immunohistochemical double staining (Kozaki et al 1994; Iida et al 1996) . Although these proteins were ubiquitously expressed in a wide variety of cell types, the extent of their expression varied in different cell types. Especially, a distinct difference in expression levels of the 3 proteins was observed between plasma cells, pancreatic islet cells, and goblet cells.
These ERp proteins can catalyze the reduction of the insulin disulfide bond (Fü llekrug et al 1994; Kozaki et al 1994) or the reappearance of the biological activity of the denatured, reduced Fab fragment of immunoglobulin (Rupp et al 1994) , but these activities also seem to be several fold lower than the activity of PDI (Fü llekrug et al 1994; Rupp et al 1994) . We previously estimated the activities of ERp61 and ERp72 as one-fifth the activity of PDI, using insulin reduction assay (Kozaki et al 1994) .
Although ERp61 and ERp72 have a relatively lower enzymatic activity, they exist in the ER together with PDI. A good explanation does not exist regarding why all 3 PDI family proteins are colocalized in the ER. And why the expression level of ERp61 or ERp72 relative to that of PDI varies depending on cell or tissue type is not clear.
In this study, we hypothesized that each PDI family protein might have different modes of enzymatic activity in disulfide bond formation and isomerization and that they might have a cooperative interaction in the protein folding pathway. Using an in vitro BPTI-folding assay system, we studied how ERp61 and ERp72 function in a protein folding pathway.
MATERIALS AND METHODS

Reagents
BPTI (Trasylol) was purchased from Bayer (Leverkusen, Germany), glutathione reduced (GSH) from Wako Pure Chemicals (Osaka, Japan), and glutathione disulfide (GSSG) from Sigma (St Louis, MO, USA). Diethylaminoethyl(DEAE)-sephacel, chelating-sepharose, heparin-sepharose, and monoQ column were purchased from Pharmacia (Uppsala, Sweden). The other reagents were purchased from Nakalai Tesque (Kyoto, Japan), Wako Pure Chemicals, and Katayama Chemicals (Osaka, Japan).
Preparation of PDI, ERp61, and ERp72
PDI, ERp61, and ERp72 were prepared from rat liver microsomes as described previously (Kozaki et al 1994) but with a minor modification. Microsomes were prepared as described previously (Walter and Blobel 1983; Kassenbrock and Kelly 1989) . The microsomes were solubilized in 1% Triton X-100 and 0.5% sodium deoxycholate, ultracentrifuged, and the supernatants collected. The extracts were applied to DEAE-sephacel and were eluted with the gradient from 0 to 0.4 M NaCl. ERp proteins were eluted in the following order: ERp61, then PDI, and finally ERp72. The fractions containing PDI, ERp61, and ERp72 were confirmed by immunoblotting using specific antibodies against each ERp protein (Kozaki et al 1994) . Fractions containing each ERp protein were separately applied to a monoQ column to concentrate the ER proteins. Fractions containing ERp61 or ERp72 were then applied to heparin-sepharose and were eluted with high ionic buffer. Fractions containing PDI were applied to a metalchelating column (Zn 2ϩ -chelated) and were eluted with a high ionic buffer (Baksh et al 1995) . The buffers of fractions containing each ERp protein were concentrated and exchanged using a centricon concentrator. The purity of each protein was confirmed by detecting as a single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis ( Fig 1A) .
Purification and folding assay of BPTI
BPTI was purified in the reduced form on a Vydac C-18 preparative column, as described previously (Weissman and Kim 1991 . The folding reactions of reduced BPTI in the presence or absence of ERp protein(s) were monitored (Weissman and Kim 1991) . In brief (Baksh et al 1995) , folding was initiated by adding redox buffer of degassed folding buffer (150 mM NaCl, 100 mM sodium phosphate, 1 mM ethylene diamine tetraacetate, pH 7.3, 2.0 mM GSH, 0.5 mM GSSG) either with or without 1.5 M PDI family protein to reduced BPTI (the concentration of reduced BPTI in the reaction was finally 30 M) (Bourdi et al 1995) ; at the indicated times, a portion of the folding reaction was quenched with 0.1 volume of 3 M HCl (Creighton 1997) ; the spectrum of intermediates present at each time was determined by high-performance liquid chromatography (HPLC) in an acidic condition (pH 2). The disulfide linkages of each intermediate were determined according to the data reported by Kim (1991, 1993) , and folding pathway of BPTI is represented in Figure 1B . All folding experiments were performed in a thermal incubator at 25ЊC. The redox buffer was chosen to mimic the redox conditions of the ER.
Acid quenching, condition for separation, and folding assay of intermediates
Acid quenching was achieved by adding of 0.1 volume of 3 M HCl to give a final pH of approximately 2. Acid- intermediates were purified by HPLC and lyophilized as described in Weissman and Kim (1991) . When a delay between acid quenching and HPLC analysis was necessary, the experiment was repeated with the order of chromatography prepared to show that a rearrangement did not occur while the mix awaited separation. The gradient used for the HPLC separation was 0 minutes, 90% A; 15 minutes, 75% A; 35 minutes, 73% A; 50 minutes, 72% A; and 140 minutes, 69% A. The folding reactions of intermediates, NЈ and N*, in the presence or absence of the PDI family protein were monitored as described in the previous section. The concentrations of intermediates and the PDI family protein in the reaction were finally 30 and 1.5 M, respectively. The concentrations of PDI and ERp72 for performance of cooperative folding of BPTI varied from 0.375 to 1.125 M but were adjusted so that the total amount of PDI and ERp72 in the reaction was equal to that in the reaction with PDI or ERp72 alone. Changes in the amount of fully folded BPTI were statistically evaluated using the analysis of variance program of STATISTICA (StatSoft, Tulsa, OK, USA). Post hoc tests were performed using Tukey's honestly significant difference (HSD) test.
RESULTS
ERp61 and ERp72 accelerated the folding of native BPTI but less effectively than PDI
PDI dramatically increased both the yield and rate of formation of native BPTI in a physiological redox buffer (Fig  2) . The result was similar to that reported previously (Weissman and Kim 1993) . The rate of formation of the 2 kinetically trapped native intermediates N* and NЈ, which contained 2 native disulfide bonds [5-55; 14-38] and [30-51; 14-38] , respectively, increased moderately (about 3-fold) by PDI (Fig 2B) . The striking feature of the PDI-catalyzed folding reaction was that NЈ and N* intermediates appeared to be converted readily to native BPTI (N).
To analyze whether the other PDI family proteins, ERp61 and ERp72, increase the yield and rate of formation of native BPTI as efficiently as does PDI, fully reduced BPTI was incubated with ERp61 or ERp72 instead of PDI under the same conditions (Fig 2) . ERp61 and ERp72 catalyzed the folding pathway from the reduced form to either N* or NЈ (Fig 2 C,D) . The further folding steps from the intermediate(s) to the native form were also catalyzed compared with nonenzymatic reactions (Fig 2 A,C,D) . But N* accumulated and did not decrease in amount between 300 and 720 minutes after the initiation of the reaction, when most of the 2 intermediates were eliminated in the reaction in the presence of PDI. (Fig 3A) . PDI dramatically increased the rate of disulfide bond formation (Fig 3B) . ERp72 moderately increased the rate of disulfide bond formation ( Fig  3C) . ERp61 had a similar effect on the folding of BPTI (Fig 3D) . The folding of BPTI in the reaction catalyzed by ERp61 and ERp72 was almost to the same degree as that by PDI.
ERp61 and
was observed at 4 minutes after the initiation SH N SH of the reaction with PDI. In the reaction with ERp61 or ERp72, however, the intermediate [30-51; 14-38; 5-SSG; 55-SSG] was observed instead of (Fig 3 C,D) . SH N SH PDI increased the amount of native BPTI (Fig 4B) . The native BPTI that ERp72 catalyzed was almost as much as that derived from spontaneous folding (Fig 4 A,C) . ERp61 had a similar effect on the folding of NЈ (Fig 4D) . The native BPTI increased in the presence of ERp72 and ERp61 to almost the same extent as it increased by nonenzymatic reaction (Fig 4E) . Although PDI dramatically increased the formation of native BPTI from N* compared with that obtained by a nonenzymatic reaction, ERp61 and ERp72 did not increase the amount of formation. PDI catalyzed the rearrangement of NЈ to and N* in the SH N SH absence of redox reagents (Fig 5A) . ERp61 and ERp72 catalyzed the rearrangement of NЈ to but did not SH N SH catalyze the rearrangement of NЈ to or to N* in the SH N SH absence of redox reagents, contrasting with PDI (Fig 5  B,C) . The rate of accumulation of the native form in the presence of ERp61 or ERp72, however, was similar to that in the presence of PDI.
ERp61 and ERp72 catalyzed the initial steps more efficiently than did PDI
Although the reduced form was still detected at 2.5 minutes after the initiation of the reaction in the presence of PDI, it was hardly detected at the same incubation time in the presence of ERp61 and ERp72 (Fig 2) . We compared the effects of each ERp protein on the disulfide bond formation in reduced BPTI in the initial steps, that is, the pathways from the reduced form (R), via intermediates bearing 1 disulfide bond ([30-51] and ) to intermediates bearing 2 disulfide bonds (NЈ, N*, and NЈ ). Seventeen percent (14% plus 3%) of the starting material showed the spontaneous formation of 1 or 2 disulfide bonds in the absence of ERp protein at 60 seconds after the initiation of the reaction (Fig 6) . One and 2 disulfide bonds were formed in 32% and 7% of the starting material, respectively, formed in the presence of PDI at same incubation time (Fig 6) . In contrast, the percentages of intermediates bearing 1 and 2 disulfide bonds increased up to 41% and 21%, respectively, in the presence of ERp61 at same incubation time (Fig 6) . Similarly, the percentages of intermediates bearing 1 and 2 disulfide bonds increased up to 42% and 26%, respectively, in the presence of ERp72 at same incubation time (Fig 6) .
ERp72 and PDI cooperatively catalyzed BPTI folding
We investigated the effects of the coexistence of PDI and ERp72 on the BPTI-folding reaction (Fig 7) . Fully folded BPTI was not observed in the reaction catalyzed by either PDI alone or ERp72 alone at 1 minute in the reaction (Fig  7) . The combination of 1.125 M PDI and 0.375 M ERp72 folded 0.52% of the starting material to the native form at the same incubation time (Fig 7) . The combination of 0.375 M PDI and 1.125 M ERp72 and that of 0.75 M PDI and 0.75 M ERp72 converted 3.5% and 3.1% of the starting material, respectively, to native BPTI at the same incubation time, and these combinations significantly increased the amount of native forms compared with PDI or ERp72 alone (Fig 7) .
DISCUSSION
Native disulfide bonds are essential for the structure and function of many membrane and secretory proteins. For example, it is suggested that the modulation of redox potential of reactive thiols of skeletal muscle ryanodine receptor, a process in which disulfide formation is considered to be essential, is a general mechanism that controls the kinetics of the Ca 2ϩ release (Xia et al 2000) . Disulfide bond formation, reduction, and isomerization of membrane and secretory proteins in the ER of yeast are known to be catalyzed by PDI as well as Ero1p that reoxidizes Figure 3 . Circles, no enzyme; squares, PDI; triangles, ERp61; diamonds, ERp72. BPTI, bovine pancreatic trypsin inhibitor; PDI, protein disulfide isomerase; ER, endoplasmic reticulum.
PDI to regenerate the active site intrachain disulfide because oxidation of the substrate follows concomitantly the reduction of the PDI active site (Lyles and Gilbert 1991; Kaiser 1998, 1999; Pollard et al 1998) . ERO1L-␣ and -␤ in mammalian cells, members of Ero1 family, are functionally equivalent to yeast Ero1p (Mezghrani et al 2001) , and a growing family of oxidoreductases in mammalian ER are potential substrates for ERO1L-␣ and -␤, including ERp61 and ERp72 (Jessop et al 2004) . These indicate that ERp61 and ERp72 constitutively catalyze the formation, reduction, and isomerization of disulfide bonds in vivo.
In this study, we investigated the functional differences among PDI family proteins, PDI, ERp61, and ERp72, using BPTI as a model substrate that has been the bestcharacterized protein to analyze folding processes. Because PDI family proteins share 2 or 3 thioredoxinlike domains (Mazzarella et al 1990 (Mazzarella et al , 1994 Gilbert 1998) , they have the capacity to catalyze disulfide bond formation and isomerization (Fü llekrug et al 1994; Kozaki et al 1994; Rupp et al 1994; Bourdi et al 1995) . ERp61 and ERp72 have a less efficient capacity for disulfide bond formation and isomerization compared with PDI (Fü llekrug et al 1994; Kozaki et al 1994; Rupp et al 1994) . Because the entire folding process of BPTI consists of several steps, we analyzed the individual steps separately.
PDI efficiently catalyzed the folding reaction from the fully reduced form (R) to the native form (N). In contrast, ERp61 and ERp72 accelerated the folding reaction from R to N more efficiently than spontaneous folding, but they converted only half of the molecules to the native form at 700 minutes. We addressed the functional differences between PDI and ERp61 or ERp72 at each step of BPTI folding. The study of oxidative folding of NЈ (see Fig 3) revealed that PDI readily converted NЈ to N, and partially to N*, indicating that PDI catalyzed the reduction of disulfide bond between residues 14 and 38 and the formation of disulfide bond between residues 5 and 55 and then recreated the disulfide bond between residues 14 and 38. ERp61 and ERp72 accelerated the conversion of NЈ to N, but less efficiently than did PDI, and hardly converted NЈ to N*. This result indicated that once the disulfide bond between residues 30 and 51 was formed, ERp61 and ERp72 were not able to reduce the disulfide bond between residues 14 and 38 and form the disulfide bond between residues 5 and 55.
The next study of oxidative folding of N* (see Fig 4) revealed that PDI also readily converted N* to N, indicating that PDI catalyzed the reduction of disulfide bond between residues 14 and 38 and the formation of disulfide bond between residues 30 and 51 and then recreated the disulfide bond between residues 14 and 38. ERp61 and ERp72 barely accelerated the conversion of N* to N in comparison with the reaction in the absence of enzyme. This result also indicated that once the disulfide bond between residues 5 and 55 was formed, ERp61 and ERp72 were not able to reduce the disulfide bond between residues 14 and 38 and form the disulfide bond residues 5 and 55. These results explained why only half of the molecules were converted to the native form and why an intermediate N* accumulated at 700 minutes after the initiation of the reaction. In both cases of conversions of NЈ to N and N* to N, the reduction of disulfide bond between residues 14 and 38 was thought to be important to following disulfide bond formation. Given that NЈ is essentially completely folded and that the rate-limiting step in the folding reaction is the loss of structure in NЈ, it is suggested that ERp61 and ERp72 are not able to distort the folded intermediates efficiently (Weissman and Kim 1991; Staley and Kim 1992) .
The study of intramolecular rearrangement of disulfide bonds revealed that PDI accelerated the folding by rearrangement of NЈ to N*, (or to N). However, neither SH N SH ERp61 nor ERp72 catalyzed the conversion of NЈ to N* or to . These results strongly suggested that ERp61 SH N SH and ERp72 accelerated the folding of BPTI, not by rearranging the intramolecular disulfide bond of intermediates bearing 2 disulfide bonds but by catalyzing the direct oxidation of the third native disulfide bond. This was also supported by the results that ERp61 and ERp72 markedly increased the amount of NЈ , the direct oxidized specie of NЈ.
Because it is important for the rearrangement of NЈ to N to lose structure, PDI accelerates the folding of BPTI by promoting both unfolding and disulfide bond rearrangements in structured intermediates Kim 1991, 1993) . Because ERp61 and ERp72 did not readily convert intermediates, especially N*, to the native form, we consider that ERp61 and ERp72 do not possess the ability to unfold structured intermediates of BPTI. Alternatively, ERp61 may require the interaction with calnexin or calreticulin to unfold and rearrange in structured intermediates (Lindquist et al 2001; Antoniou et al 2002; Frickel et al 2002; Molinari et al 2002) .
Although ERp61 and ERp72 yielded the native form in the lesser amount than did PDI, ERp61 and ERp72 catalyzed the disulfide bond formation more efficiently than did PDI. These results implied that the coexistence of PDI and ERp72 in the reaction catalyzed the folding of BPTI more efficiently than did PDI or ERp72 alone. We determined the most effective ratio of PDI to ERp72 in the formation of the fully folded BPTI by changing the ratio of PDI to ERp72 with the total amount of PDI family proteins being adjusted to 1.5 M. The combination of 0.375 M PDI and 1.125 M ERp72 (PDI:ERp72 ϭ 1:3) readily converted 3.5% of the reduced form to the native BPTI at 1 minute in the reaction. The combination of 0.75 M PDI and 0.75 M ERp72 (PDI:ERp72 ϭ 1:1) folded 3.1% of the reduced form to the native form at the same incubation time. However, the combination of 1.125 M PDI and 0.375 M ERp72 (PDI:ERp72 ϭ 3:1) hardly folded the reduced form to the native form at the same incubation time. These results indicated that PDI family proteins, when added together, cooperated with each other to fold BPTI by catalyzing the disulfide bond formation and isomerization and that the ratio of PDI to ERp72, rather than a simple coexistence, is critical for the effectiveness of BPTI folding. Although ERp61 or ERp72 had more efficient actions during the earlier half of the folding process of BPTI, PDI acted more efficiently during the later half of the folding process that is essential to the intramolecular rearrangements.
Whether or not the above-described ratio of PDI family proteins optimal for BPTI folding is suitable for folding of other proteins bearing disulfide bonds awaits further investigations.
The relative expression levels of PDI family proteins are different among cells from different tissues. Because cells from different tissues have different demands for secretory proteins to be synthesized, their requirements of PDI family proteins may vary from cell to cell accordingly, to form or isomerize disulfide bonds of secretory proteins.
